The X-linked RHOX cluster encodes a set of homeobox genes that are selectively expressed in the reproductive tract. Members of the RHOX cluster regulate target genes important for spermatogenesis promote male fertility in mice. Studies show that demethylating agents strongly upregulate the expression of mouse Rhox genes, suggesting that they are regulated by DNA methylation. However, whether this extends to human RHOX genes, whether DNA methylation directly regulates RHOX gene transcription and how this relates to human male infertility are unknown. To address these issues, we first defined the promoter regions of human RHOX genes and performed gain-and loss-of-function experiments to determine whether human RHOX gene transcription is regulated by DNA methylation. Our results indicated that DNA methylation is necessary and sufficient to silence human RHOX gene expression. To determine whether RHOX cluster methylation associates with male infertility, we evaluated the methylation status of RHOX genes in sperm from a large cohort of infertility patients. Linear regression analysis revealed a strong association between RHOX gene cluster hypermethylation and three independent types of semen abnormalities. Hypermethylation was restricted specifically to the RHOX cluster; we did not observe it in genes immediately adjacent to it on the X chromosome. Our results strongly suggest that human RHOX homeobox genes are under an epigenetic control mechanism that is aberrantly regulated in infertility patients. We propose that hypermethylation of the RHOX gene cluster serves as a marker for idiopathic infertility and that it is a candidate to exert a causal role in male infertility.
INTRODUCTION
Homeobox genes were first identified in flies as encoding transcription factors important for body segment identity. Subsequent studies demonstrated that homeobox genes are ubiquitously present in eukaryotes ranging from S. cerevisiae to mammals, where they direct several conserved steps that are indispensable for a wide variety of embryonic developmental stages (1) . Homeobox genes have undergone intense scrutiny for the past 30 years and many of their specific roles in embryonic development are relatively well understood. In contrast, much less is known about the roles of homeobox transcription factors in postembryonic developmental events. To date, only a few homeobox transcription factors have been identified that control postnatal and adult developmental events (e.g. hematopoiesis, hair growth and gut homeostasis) and the molecular mechanisms by which they regulate these events are poorly understood (2, 3) . Even less is known about the role of homeobox genes in the subject of this report-gametogenesis-developmental process that is initiated in the embryo and occurs constitutively in adults.
The only homeobox genes that have known roles in gametogenesis in mice are the X-linked reproductive homeobox (Rhox) genes, all of which are selectively expressed in the male and female reproductive tract in mice, rats and humans (4) (5) (6) (7) . Knockout studies have demonstrated that some members † The authors wish it to be known that, in their opinion, the last two authors should be regarded as joint Last Authors. of the Rhox cluster are crucial for normal spermatogenesis in mice (8, 9) . A number of the genes regulated by Rhox genes have known roles in spermatogenesis and germ cell survival and some of these target genes exist in conserved regulatory circuits with Rhox genes (10, 11) . While the functions of RHOX genes in humans are not known, they are expressed in a stagespecific manner in human male and female germ cells in the testis and ovary, respectively, thereby making them good candidates to direct transcriptional programs important for the development of human germ cells (12) .
To understand the role of Rhox genes in both fertility and infertility, it is important to delineate how they are regulated. Increasing evidence suggests that a key regulator of mouse Rhox genes is DNA methylation. For example, mouse fibroblasts deficient in DNA methyltransferase 1 (DNMT1) exhibit dramatically upregulated Rhox gene expression (13) . Likewise, mice deficient in DNA methyltransferases (DNMTs) exhibit demethylation and aberrant expression of some Rhox genes during embryogenesis (14) . Treatment of various cell lines with DNA demethylating agents such as 5-Azacytidine (5-AzaC) also causes strong up-regulation of most mouse Rhox genes (13, (15) (16) (17) . Finally, depletion of the linker histone H1 genes triggers the demethylation and up-regulation of a specific subset of Rhox genes in mouse ES cells, which may contribute to their silencing by paternal imprinting in the placenta (17) . Together, these studies clearly show that conditions that promote DNA demethylation increase the expression of mouse Rhox genes. However, it has not been clear whether this is the result of direct demethylation of these genes or indirect effects resulting, for example, from the demethylation and subsequent increased expression of regulators of Rhox genes.
In this report, we examine whether the human RHOX genes are directly regulated by DNA methylation. Given that mouse Rhox genes have known roles in male fertility, we also asked whether the methylation of human RHOX genes is aberrant in human male infertility patients. A remarkably high percentage ( 7%) of males who intend to father children are classified as infertile, yet there are surprisingly few markers that aid in diagnosing this condition (18) (19) (20) (21) (22) . A semen analysis, which includes measuring sperm count, motility and morphology, is the first step in identifying the etiology of male infertility. However, the large natural variation in these parameters renders them relatively poor indicators for fertility. Furthermore, a normal measurement does not necessarily mean that a man is fertile (23) (24) (25) . For most men, the only treatment for their infertility is in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI), which are both very costly, invasive for the female; and yield low pregnancy rates and even lower live birth rates (26) . There is also evidence that the offspring born of IVF and ICSI procedures are at greater risk for developing a variety of conditions, including diabetes, obesity and imprinting disorders (27) (28) (29) (30) (31) (32) (33) (34) (35) . These drawbacks highlight the need for better ways to identify and treat male infertility. In this article, we demonstrate that the human RHOX gene cluster serves as an excellent marker for male infertility. In particular, linear regression analysis of sperm from a large cohort of male infertility patients revealed a strong association between human RHOX cluster hypermethylation and the severity of the three semen defects typically analyzed in infertility clinics. We also demonstrate that DNA methylation directly represses the transcription of human RHOX gene family members in cultured cells, thereby providing evidence that the aberrant RHOX methylation that occurs in male infertility patients has the potential to have a causal role in their reproductive dysfunction.
RESULTS

Hypermethylation of RHOX gene promoters silences their transcription
The human RHOX cluster contains three family members: RHOXF1 (also known as hPEPP1), RHOXF2 (hPEPP2) and RHOXF2B (36) (Fig. 1A ). RHOXF2 and RHOXF2B are both 5479 in length and 99.9% identical in sequence (as annotated by the Ensembl databse), with only 8 nt differences: 2 in the exon regions, 6 in the intron regions and none in the 5 ′ or 3 ′ untranslated regions (UTRs). They are also nearly identical over a long stretch of their 5 ′ and 3 ′ flanking regions (19.7 and 34.1 kb, respectively), suggesting that one of them was copied from the other via a large duplication of 59.3 kb. These rare nucleotide differences make it impossible to distinguish RHOXF2 from RHOXF2B in our assays and thus we will refer to these two genes as simply 'RHOXF2' in this article.
To determine whether the human RHOX genes are regulated by DNA methylation, we first identified the approximate location of their transcription start sites (TSSs) by primer walking using quantitative polymerase chain reaction (qPCR) analyses with normal human testis RNA (Supplementary Material, Fig. S1 ). Once we identified the RHOXF1 and RHOXF2 TSSs, we cloned different lengths of the regions upstream into a CpG-free luciferase reporter construct. Transfection of these constructs identified minimal sequences sufficient for strong RHOXF1 and RHOXF2 transcription that extended 1003 and 293 nt upstream of their initiator ATGs, respectively (Fig. 1) . Our finding that RHOXF2 transcription is driven by a minimal promoter containing only 293 nt upstream of the start ATG is consistent with the finding that numerous germ cell-specific genes have short core promoters (37). This was not the case for RHOXF1, perhaps due to the presence of a 400 nt C-rich repeat nestled between the region we found was required for transcription (21003 to 2593) and the TSS (data not shown).
To determine the effect of methylation on the RHOXF1 and RHOXF2 promoters, we methylated them in vitro using SssI methyltransferase. Because we inserted these promoters in a CpG-free vector, treatment with SssI results in methylation of CpG residues only in the RHOX promoter regions, thereby avoiding artifacts caused by methylation of nearby plasmid sequences. Transfection of these constructs into HEK-293 cells revealed that methylation of the RHOXF1 and RHOXF2 promoters reduced their transcription by 85 and ≥95%, respectively (Fig. 1) . Methylation inhibited RHOXF2 promoterdriven transcription when as few as five CpGs in the RHOXF2 promoter were methylated (the 2293 construct).
Methylation of RHOX promoters is sufficient to repress their transcription
Human RHOX genes are expressed in a tissue-specific manner, with highest expression in the testis (5, 12, 36) . Both the RHOXF1 and RHOXF2 proteins are primarily expressed in Human Molecular Genetics, 2014, Vol. 23, No. 1developing germ cells within the testis, where they exhibit distinct developmental patterns of expression (12) . If DNA methylation is sufficient to dictate this tissue-and cell type-specific expression pattern, it leads to the prediction that DNA methylation inhibitors will be sufficient to activate RHOX gene expression in cell types that do not normally express RHOX genes. To test this, we treated a variety of non-testicular cell lines with the DNA methylation inhibitor 5-AzaC. We found that treatment with 10 mM 5-AzaC dramatically induced the expression of RHOXF1 and RHOXF2 in most cell lines that we tested ( Fig. 2 and Supplementary Material, Fig. S2 ; note that mRNA levels are plotted on a log scale). An exception was K562 cells, which express extremely high constitutive levels of RHOXF2 (36) , that was not significantly further increased by 5-AzaC treatment. Another exception was MCF-7 breast cancer cells, which express low-to-moderate basal levels of RHOXF1 and RHOXF2 mRNA, but did not exhibit a significant increase in these levels with our standard dose of 5-AzaC (10 mM). However, MCF-7 cells did up-regulate RHOXF2 To assess whether 5-AzaC acts directly on the RHOX genes, we analyzed the methylation status of the RHOXF1 and RHOXF2 promoters in a cell line that did (HEK-293) and did not (MCF-7) respond to 10 mM 5-AzaC. This revealed that 5-AzaC treatment demethylated regions in both RHOXF1 and RHOXF2 in HEK-293 cells ( of them were demethylated only modestly. The selective demethylation occurring at the RHOXF1 and RHOXF2 promoters in a cell line that expresses RHOX mRNAs in response to 5-AzaC and not in one that does not, coupled with our finding that in vitro methylation silenced both the RHOXF1 and RHOXF2 promoters, strongly suggests that DNA methylation is necessary and sufficient for directly repressing transcription of the RHOXF1 and RHOXF2 genes.
Hypermethylation of the RHOX gene cluster in sperm is highly associated with poor semen quality Given that RHOX cluster gene transcription is tightly controlled by DNA methylation, we elected to examine whether RHOX methylation is altered in male infertility patients. We first used pyrosequencing to analyze the methylation status of RHOX genes. This analysis covered two relatively CpG-rich regions in both the RHOXF1 and RHOXF2 genes. Regions A and C are near the translation start sites of RHOXF1 and RHOXF2, respectively, while regions B and D are within downstream CpG islands (Fig. 1A) . For this analysis, we compared the degree of methylation of the human RHOX genes in sperm from 140 men from couples seeking fertility treatment. These patients were selected on the basis of two criteria: (i) they had been unsuccessful in impregnating their partner for at least 12 months, and (ii) their infertility was not the result of obvious physical conditions, such as obstructive azoospermia or varicocele, or procedures and treatments that are known to affect male fertility, such as vasectomy or chemotherapy. All subjects underwent a complete clinical and biochemical exam that included a semen analysis and hormone measurements (Table 1) . We classified 45 of the 140 patients as having 'normal sperm' because their semen parameters fell within the normal range as defined by the World Health Organization (38) and used this as our control population. The remaining 95 men were categorized as having 'abnormal sperm' since they had a sperm count, sperm motility and/or sperm morphology score below the normal range (Table 1) . Because the presence of poor-quality semen does not always result in infertility, and conversely, a 'normal' semen analysis does not always result in fertility, our 'normal' and 'patient' pool may include infertile and fertile men, respectively, and thus, the results may, in fact, be an underestimate of the true differences between fertile and infertile men.
Our pyrosequencing data showed that the abnormal sperm group had significantly higher average methylation in all four RHOX regions relative to the normal sperm group ( Table 2 , Supplementary Material, Fig. S6 ). Remarkably, regression analysis revealed that the degree of RHOX gene methylation was significantly associated with all three sperm parameters: sperm count, sperm motility and sperm morphology (Fig. 3 ). To establish whether or not RHOX methylation has the potential to predict a particular semen defect, we subdivided the abnormal sperm group on the basis of the World Health Organization's definition of oligozoospermia (,39 million total sperm); asthenozoospermia (,32% progressive motility); and teratozoospermia (,4% normal morphology) (38) and compared them to each other as well as to the normal sperm group (Supplementary Material, Fig. S7 ). We found statistically significant differences among almost all of these groups with respect to total sperm count, progressively motile sperm and sperm with normal morphology (Fig. 3) , indicating that RHOX methylation is a good predictor of all three of these semen defects. RHOX hypermethylation is associated with male infertility. The severity of defective semen parameters from idiopathic infertile men was plotted against the percent RHOX methylation as determined by pyrosequencing at the four regions indicated in Figure 1A . The 95% confidence intervals are shown above and below the best-fit curve. See Table 2 for N values.
Hypermethylation at the RHOX locus does not extend to neighboring genes
Because assaying short DNA stretches does not necessarily serve as a proxy for the methylation status of an entire gene locus (39), we elected to complement our pyrosequencing analysis with plasmid-based bisulfite sequencing for a few patients.
Bisulfite sequencing permits analysis of larger stretches of nucleotide sequences by selecting multiple regions for amplification and sequencing after bisulfite conversion. We found that quantification of the percent methylation in the RHOX gene cluster by bisulfite sequencing was highly similar to the percent methylation as determined by pyrosequencing, supporting the latter method as a proxy for assessing regional methylation status. Bisulfite sequencing revealed that the normal group has remarkably little methylation in these regions. This is a common feature in CpG islands but is more rare in CpG-sparse regions, which tend to be uniformly methylated (40) . These data also show that regions throughout the entire RHOX cluster, including sequences not detected by pyrosequencing, are strongly hypermethylated in the abnormal sperm parameter group (Fig. 4, Supplementary Material, Figs S8 and S9 ). This aberrant hypermethylation was nearly uniform in all gene elements, including both upstream and downstream CpG islands, as well as the CpG-sparse regions in the 5 ′ -upstream region, which could also be considered intergenic. One exception was the 2300 to 2400 region in RHOXF2, which was less methylated than its neighboring regions in the group with abnormal semen parameters (Fig. 4B and Supplementary Material,  Fig. S9, yellow region) . Of note, approximately half of the clones analyzed in patient 2 from the Abnormal group exhibited methylation and half did not (for three of the four regions analyzed in RHOXF1; Supplementary Material, Fig. S8 ), suggesting that patient 2 has a mosaic phenotype in which roughly half of his sperm harbor a normal methylation pattern.
To determine whether hypermethylation is a promiscuous feature within the region of the X chromosome harboring the RHOX gene cluster, we analyzed the neighboring genes on either side of the RHOX cluster-NKAP and ZBTB33 (Fig. 5A) -both of which are hypomethylated in normal sperm (41) and whose expression we found did not change in most nontesticular cell lines when treated with 5-AzaC ( Supplementary  Material, Fig. S10 ). Pyrosequencing and bisulfite sequencing analyses revealed that the NKAP and ZBTB33 loci are hypomethylated in the vast majority of the patients, including those with abnormal sperm (Fig. 5B and C, and Supplementary Material, Fig. S11 ). Even patients with the highest degree of sperm RHOX methylation did not exhibit elevated methylation in the NKAP and ZBTB33 genes. These data indicate that the hypermethylation in this region of the X chromosome is restricted to the RHOX locus in male infertility patients.
RHOX hypermethylation versus MEST hypermethylation
We also analyzed the methylation status of MEST, an autosomal maternally imprinted gene previously reported to be aberrantly hypermethylated in males from infertile couples (42) (43) (44) (45) (46) (47) (48) (49) (50) . Regression analysis revealed that unlike RHOX methylation, which associated with all three semen defect parameters, MEST methylation only associated with abnormal sperm morphology (Fig. 5D) . It has been hypothesized that infertile males have global methylation defects in their sperm as a result of a general failure of epigenetic reprogramming in primordial germ cells (PGCs) (44) . If such an event were responsible for MEST and RHOX hypermethylation in infertile patients, this would lead to the prediction that both of these genes would tend to be hypermethylated in the same patients. However, when we examined coincident methylation of MEST and RHOX using regression analyses, we found that few patients exhibited hypermethylation at both loci, as evidenced by low R 2 values (Supplementary Material, Fig. S12 ). In contrast, different regions of the RHOX cluster exhibited higher R 2 values when compared with each other, indicating that hypermethylation at one region of the RHOX cluster is very likely to be accompanied by hypermethylation at other regions of the gene cluster. This corroborates our finding that entire RHOX gene cluster is hypermethylated in a subset of patients.
DISCUSSION
In this report, we provide evidence that the RHOX homeobox gene cluster is more likely to be hypermethylated in male infertility patients with defective sperm than in patients with normal semen parameters (Fig. 3, Supplementary Material, Figs S5 , S6 and S12 and Table 1 ). The magnitude of this methylation significantly associates with the severity of three independent sperm abnormalities (Fig. 4B) . This association between RHOX methylation and sperm abnormalities is potentially functionally relevant, as we show that methylation has a causal role in regulating human RHOX gene transcription (Figs 1 and 2) . While analysis of patients recruited from other fertility centers will be required to substantiate our results, our data support a model in which aberrant DNA methylation of the RHOX genes reduces their expression, which, in turn, disrupts the normal regulation of their downstream target genes and thereby negatively affects fertility. There have been a number of recent studies reporting an association between aberrant DNA methylation and male infertility. Many of these studies have focused on genomically imprinted genes (42-55) since the mono-allelic expression of imprinted genes is dictated by DNA methylation. However, most of the imprinted genes that have been shown to display aberrant methylation associated with infertility are not known to be expressed in the male reproductive tract and do not have known roles in spermatogenesis. Thus, the physiological relevance of the aberrant methylation of these imprinted genes in sperm is unclear. In an effort to broaden the identification of genes that are mismethylated in sperm from infertile men, two recent studies explored larger subsets of genes. Pacheco et al. (55) identified both imprinted and non-imprinted genes that were aberrantly methylated in men with low-motility sperm. Interestingly, the vast majority of these genes ( 80%) were hypomethylated, opposite to what we found for the RHOX cluster. Houshdaran et al. (44) identified nine genes that exhibited a statistically significant increase in methylation in poor quality sperm. It will be interesting to determine whether the mechanism that leads to one or more of these nine genes being hypermethylated also acts on the RHOX cluster. However, unlike the RHOX genes, none of these genes is known to be expressed in human male germ cells and most do not have known roles in spermatogenesis in model systems.
We suggest that the RHOX cluster locus is a good candidate to not only be aberrantly methylated in human infertility patients but also to play a direct role in their infertility. Rhox genes encode homeobox transcription factors that are highly expressed in the testis and regulate several genes that are involved in spermatogenesis (4, 10, 56) . Their roles in spermatogenesis have begun to be dissected from mouse knockout studies that have established that their ablation leads to sperm defects and subfertility (4) . Human RHOX genes are compelling candidates to have similar roles in human male infertility because they are also highly expressed in the testis (5, 36) . RHOXF2 is expressed in spermatogonia and early spermatocytes (12) and thus it may regulate genes important for the decision to self-renew or differentiate and/or early steps in meiosis. RHOXF1 is expressed mainly in mid-to-late meiotic spermatocytes and round spermatids (12) , raising the possibility that it regulates genes important for later steps in meiosis, as well as functions in haploid spermatids. Intriguingly, human RHOX transcription factors have the ability to regulate some of the same target genes as mouse RHOX transcription factors, suggesting that this gene cluster has remained devoted to regulating some of the events during spermatogenesis (56, 57) . To our knowledge, the RHOX genes are the only X-linked genes that have been thoroughly evaluated with regard to methylation status in infertile males. Interestingly, the X chromosome is enriched for large gene clusters expressed in the testes, as well as spermatogonia-expressed single-copy genes in mammals (58, 59) . A likely mechanism responsible for the enrichment of spermatogenesis-associated genes on the X chromosome derives from the fact that there is only one copy of this chromosome in males. This means that mutations that confer a competitive advantage for male functions can be rapidly fixed in the population. Thus, the X-linked RHOX gene cluster has the potential to have undergone very rapid selection during evolution. In support of this, RHOX genes have rapidly evolved in both sequence and copy number and there is considerable evidence that many of the sequence changes are the result of strong positive selection (60) (61) (62) . However, this single-copy nature of X-linked genes Figure 2 . Black vertical lines indicate residues that were not analyzed by bisulfite sequencing. (C) DNA from the sperm of the entire infertile patient population was analyzed for percent methylation (number of Cs compared with number of Ts incorporated into the pyrosequencing run) in the NKAP and ZBTB33 genes at the regions indicated by green bars in (B). The results were plotted on the x-axis and compared with the percent methylation of each RHOX region, which is plotted on the y-axis. (D) MEST methylation was plotted against the severity of patient sperm defects as in Figure 1B . See Table 2 for N values.
in males also has potentially negative consequences. Since there is only one copy of X-linked genes, deleterious mutations and epimutations associated with them will have direct physiological penetrance and hence more likely to cause disease. We suggest that this makes the RHOX gene cluster and other X-linked genes expressed during spermatogenesis particularly strong candidates to have roles in male infertility.
While the RHOX genes are clearly hypermethylated in a subset of male infertility patients, we do not know the molecular mechanisms responsible for this defect. One possibility is that this group of patients aberrantly methylates RHOX genes at some point after PGC reprogramming. This could occur as a result of hyper-expression or -activity of enzymes involved in DNA methylation, such as DNMTs. In support of this theory, Pacheco et al. (55) found that the gene encoding the de novo methyl transferase DNMT3A shows statistically significant hypomethylation and increased expression in patients with lowmotility sperm. If indeed the RHOX gene cluster is specifically targeted for hypermethylation in a subset of infertility patients, it will be fascinating to determine the underlying mechanism, as little is known about how DNMTs target specific genes for methylation. It is possible that some unique feature of the RHOX locus, such as a specific sequence or a certain aspect of its chromatin structure leads to their erroneous targeting by DNMTs in germ cells in a subset of infertile males. Because we observed that the RHOX locus is hypermethylated broadly across its entire length, but not in the neighboring genes on the X chromosome (Fig. 5, Supplementary Material, Fig. S11 ), the mechanism probably entails either regional targeting or a methylation boundary on either side of the RHOX locus. Because alterations in chromatin structure are often coupled with changes in DNA methylation, it is also possible that over-active DNA methylation at the RHOX locus is coupled to changes at the chromatin level. Male germ cells undergo a complex exchange of histone and histone-like proteins during spermatogenesis that could have a role in such a mechanism.
An alternative, non-mutually exclusive, hypothesis to explain aberrant hypermethylation at the RHOX locus is that some male infertility patients fail to completely demethylate the RHOX gene cluster during PGC reprogramming. A requirement of this hypothesis is that RHOX genes must be subject to PGC reprogramming. Many mammalian genes-particularly those with CpG islands-are never significantly methylated and thus are not subject to PGC reprogramming. In contrast, RHOX genes are methylated in adult somatic tissues that do not express the RHOX genes, such as the adrenal gland, lung and spleen (14, 63) . This raises the possibility that DNA methylation directs the tissue-specific regulation of RHOX gene expression, a notion that is also supported by our in vitro methylation analyses presented here (Figs 1 and 2) , as well as the recent evidence that germline-specific genes are exclusively regulated by DNA methylation (64) . It also suggests that RHOX genes are likely to be methylated in PGC progenitor cells, which harbor somatic levels of DNA methylation (65, 66) . Because we found that RHOX genes are unmethylated in male germ cells (Fig. 4 , Supplementary Material, Figs S7 and S8), they must undergo demethylation at some point during or after germ cell specification. In support of the idea that this occurs during PGC reprogramming, it was recently shown that several Rhox genes are demethylated in PGCs (67, 68) and the timing of this demethylation associates with their expression pattern in PGCs (69) . In the future, it will be important to distinguish between whether aberrant PGC reprogramming or subsequent events are responsible for the hyper-methylation of the RHOX gene cluster in sperm from some male infertility patients and to determine whether this aberrant methylation has a causal role in the infertility of any of these patients.
MATERIALS AND METHODS
Primer walking and qPCR
RNA from normal human testis (Agilent Cat. No 540049) or cell lines treated with or without 5-AzaC was converted to cDNA using Bio-Rad's iScript kit (Cat. No. 170-8890). cDNA was subjected to real-time quantitative PCR using Bio-Rad's Sso Advantage system (Cat. No. 172-5264). Data were normalized to beta-actin expression. The primers can be found in Supplementary Material, Table S3 .
Cloning
Primers were designed to amplify RHOXF1 and RHOXF2 5 ′ -upsteram regions according to the primer-walking assay (provided upon request). Artificial restriction enzyme sites were added to the primers (BglII, NcoI or BamHI). Amplicons were cloned into pGEMT-Easy TA shuttling vector (Promega Cat. No. A1360) and digested and ligated into pCpGL-Luciferase (70) using a T4 DNA Ligase Kit (NEB Cat. No. M0202L). GT115 Competent Cells (Invivogen Cat. No. gt115-11) were transformed and plated on LB containing 100 mg/ml Zeocin (Invivogen Cat. No. ant-zn-1). Colonies were selected and grown in LB broth containing 100 mg/ml Zeocin. Positive clones were detected by sequencing using the primers provided upon request.
Luciferase assay
Cells were seeded at 60 000 cells per well in a 24-well format. After 24 h, cells were transfected using 1 ml per well of Lipofectamine 2000 (Invitrogen Cat. No. 11668-019) with 200 ng of reporter and 20 ng of TK-Renilla. 24 h after transfection, cells were lysed in 100 ml of 1X Passive Lysis Buffer and 10 ml of lysate was analyzed using 50 ml of Lucifearse Assay Reagent (2 s pause; 10 s read) and 50 ml of Stop 'N Glo reagent (2 s pause; 10 s read) all provided with the dual luciferase kit (Promega Cat. No. E1960). Reagents were dispensed and detected with a Veritas Microplate Luminometer (Turner BioSystems).
In vitro methylation
Ten micrograms of DNA was either treated or mock-treated (omitting only enzyme) with SssI Methyltransferase (NEB Cat. No. M0226L) for 4 h at 378C with the addition of more S-adenosylmethionine after 2 h. Plasmids were purified using the Qiagen PCR Purification Kit (Cat. No. 28106). Purified plasmids were diluted to an equal concentration and digested with MspI and HpaII to gauge full-methylation of each plasmid when compared with the mock-methylated plasmid.
Azacytidine treatment
MCF-7 (breast adenocarcinoma), PC-3 (prostate adenocarcinoma), MDA-MB-435 (breast carcinoma), K562 (myelogenous leukemia), HeLa (cervical carcinoma), HEK 293 (embryonic kidney), KATOIII (gastric carcinoma), LNCaP (prostate adenocarcinoma) and NHEK (normal human epidermal keratinocytes) cells were seeded at a density of 250 000 cells per well in six-well plates. Jurkat cells (T-lymphocyte) were maintained and treated in suspension in flasks. Cells were treated with 10 mM 5-AzaC for a total of 48 h with replacement of media containing 10 mM 5-AzaC after the first 24 h. Cells were harvested in 1 ml Trizol reagent (Invitrogen Cat. No. 15596-026) and RNA was harvested by chloroform extraction and nucleic acid precipitation. RNA was converted to cDNA using iScript kit (Cat. No. 170-8890). cDNA was subjected to real-time quantitative PCR using Bio-Rad's Sso Advantage system (Cat. No. 172-5264) and the primers provided upon request.
Bisulfite conversion and amplification of DNA
A maximum of 2 mg of DNA was converted using Epitect (Qiagen Cat. No. 59104). Converted DNA was amplified with Qiagen's PyroMark Kit (Cat. No. 978703) using the primers listed in Supplementary Material, Tables S1 and S2. Biotinylated primers were ordered from Eurofins MWG Operon.
Patient selection
The 140 men included in this study were recruited from couples presenting at the Centre of Reproductive Medicine and Andrology, Münster, Germany seeking advice for infertility. Exclusion criteria were history of or current condition such as maldescended testes, varicocele or infections of the genitourinary tract as well as chromosomal aberrations or Y-chromosomal AZF deletions, medication that is known to impair spermatogenesis and/or fertility, severe impairment of the endocrine system or any other known reasons for male infertility. Couples were diagnosed with infertility if they had been trying to conceive for 12 months or more. The fertility status of the female partner is unknown. All male participants underwent a complete physical examination including ultrasonographic analysis of the scrotal contents. Testicular volume was calculated using the ellipsoid method and summed as bi-testicular volume. A venous blood sample was drawn from the cubital vein in the morning.
Mean hormone values are shown in Table 1 . Serum concentrations of FSH and LH were determined by immunofluorometric assays (Autodelfia, Perkin Elmer, Freiburg, Germany) and serum testosterone by a commercial ELISA (DRG AURICA ELISA Testosterone Kit, DRG Instruments). Intra-and interassay coefficients of variation were ,5% and ,10%. Of these patients, the normal group (n ¼ 45) consisted of those men possessing the following semen parameters: total sperm count of ≥100 million spermatozoa, ≥50% progressive sperm motility and ≥5% normal sperm morphology. All men provided written informed consent and agreed to the analysis of genetic material as approved by the Ethics Committee of the University of Muenster and the state medical board.
Semen analysis
Semen analysis and swim-up purification of spermatozoa were carried out according to the guidelines of the 2010 World Health Organization (WHO) laboratory manual for the examination and processing of human semen, which gives a comprehensive procedure on pate 164 (38) . This is the preferred method for obtaining sperm from semen that have one or more abnormalities and it separates the sperm from any somatic cell contaminants in the semen.
Extraction of DNA from spermatozoa and cells DNA from spermatozoa was extracted using the MasterPure DNA Purification Kit (EPICENTRE Biotechnologies, Madison, WI, USA) according to the manufacturer's instructions. DNA from cell lines was extracted using the DNEasy Kit from Qiagen (Cat. No. 69506) according to the manufacturer's protocol.
Pyrosequencing
Pyrosequencing was performed using Pyro Mark Q24, Thr PyroMark Q24 Software 2.06 and PyroMark Q24 reagents (Qiagen). For each run, the machine was calibrated by using serial dilutions of 100 and 0% methylated human genomic DNA. Percent methylation for individual CpG residues, which is a read-out of the ratio of Cs versus Ts that were incorporated in the pyrosequencing reaction, were normalized with a normalization coefficient from the calibration. Pyrosequencing primers can be found in Supplementary Material, Table S3 .
Bisulfite sequencing
Amplicons were TA-cloned into Promega's pGEMT-Easy vector (Cat. No. A1360). Colonies were grown in LB-Ampicillin (50 mg/ml) and prepped with BioLine ISOLATE Plasmid Mini Kit (Cat. No. BIO-52027). Sequences were analyzed and dotplots were generated using online software (QUMA-http:// quma.cdb.riken.jp/) (71) .
Data analysis and plotting
P-values were calculated using either the Mann -Whitney test for non-parametric data sets (all patient data) or Student's t-test when the population is assumed to be normally distributed (all cell line data). Box-plots of clinical data were plotted according to the Tukey method. All clinical calculations were performed and regression and box-plot images were generated with GraphPad Prism version 5.0d for Macintosh (GraphPad Software).
Venn diagrams
Venn diagrams were generated with an online tool called Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html) (72) .
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